-INTRODUCTION
The aim of this paper is to review the experimental results on dislocation mobility obtained since the Hunfeld Conference /l/ and to discuss them in terms of new theoretical approaches of the core structures.
The state of knowledge at that time could be summarized as follows : (1) Velocities of screw and 60° dislocations were measured in Si, Ge and most of III-V compounds in a range of temperature between 0.45 and 0.65 Tm, and at resolved shear stresses between 5x10-5 and 10-3 G (G, shear modulus). These velocities were average values over travel distances of 10 to 100 urn obtained by double etching or X-ray topography on (half-)loops larger than 50 um in diameter. A fair agreement was found between the different authors, at least in Si and Ge, and most of the data could be described by the phenomenological laws :
v % exp(-Q(x)/kT) ; v ^ (T/x 0 ) m with an apparent activation energy about 1 to 2 eV, significantly stress dependent at low stresses, and a stress exponent m between 1 and 2, which could reach higher values at low stresses, mainly in Ge.
(2) A strong effect of electrically active impurities on dislocation mobility first observed by Patel /2/ was experimentally well established. This difference has been detected -a t the l i m i t o f r e s o l u t i o n o f t h e technique-a t higher temperature and lower s t r e s s /3/.
u t detectable changes i n v e l o c i t i e s , i n c l u d i n g accelerat i o n e f f e c t s . (4) TEM observations, mainly using the weak beam technique proved t h a t moving d i s l ocations were dissociated /4,5/. A t high stresses and low temperatures, p a r t i a l d i sl o c a t i o n s were shown t o have d i f f e r e n t m o b i l i t i e s , which deoend n o t o n l y on t h e i r character (30' o r 90°) b u t a l s o on t h e i r p o s i t i o n (leading o r t r a i l i n g ) w i t h respect t o t h e sense
(5) I n the framework o f the Peierls-Nabarromechanism,different regimes o f dislocat i o n g l i d e can be expected : ( i ) Depending on the d i s l o c a t i o n l e n g t h (smaller o r l a r g e r than a c r i t i c a l length X) k i n k p a i r s expand along the whole d i s l o c a t i o n l i n e , o r a n n i h i l a t e w i t h opp o s i t e kinks /7,8/.
( i i ) Depending on the a p p l i e d s t r e s s (smaller o r l a r g e r than a c r i t i c a l s t r e s s Tc determined by the stacking f a u l t energy, e l a s t i c constants and o r i e n t a t i o n parameters) nucleation o f double kinks on both p a r t i a l s i s c o r r e l a t e d o r n o t /9/.
( i i i ) Localized obstacles t o k i n k motion were considered by some t h e o r i e s t o a c h i e v e a c l o s e r f i t t o experiments. Then, the temperature dependence o f the obstacle spacing has t o be considered and d i f f e r e n t regimes can be defined, depending on temperature and on the formation and b i n d i n g energies, as w e l l as d i f f u s i v i t y o f these hypothetical obstacles, the nature o f which s t i l l remains speculative /8,9/.
( i v ) The doping e f f e c t i s a t t r i b u t e d by t i i r s c h /lo/ t o a change i n the concent r a t i o n o f charged kinks.
Since the Hiinfeld Conference, new r e s u l t s have been obtained, thanks t o t h e extension o f the i n v e s t i g a t e d ranges o f s t r e s s and temperature, and t o improved experimental r e s o l u t i o n . W e s h a l l describe i n t u r n the s p e c i f i c behaviour o f dislocat i o n s a t temperatures above 0.75 Tm (92.1) and a t stresses higher than ~o -~G (92.2), recents r e s u l t s on i m p u r i t y effects (92.3), new informations obtained by experiments a t the scale o f TEM (52.4) and the i n f l u e n c e o f i l l u m i n a t i o n on d i s l o c a t i o n n o b i l i t y ( p h o t o p l a s t i c e f f e c t ) (92.5). Conclusions and suggestions f o r f u r t h e r experiments and c a l c u l a t i o n s are given a t the end o f the paper.
I t w i l l be n o t i c e d t h a t t h i s review o n l y deals w i t h d i s l o c a t i~n g l i d e . Cross-slip and climb processes have been excluded i n s p i t e o f t h e i r i n t e r e s t i n understanding some experimental data, though g l i d e i s primarilyconcerned a t t h e scale o f observat i o n s . I t a l s o deals mainly w i t h S i , since most o f recent experiments have been performed i n t h i s m a t e r i a l .
I t w i l l a l s o be n o t i c e d t h a t some t o p i c s o f i n t e r e s t (as the i n t e r a c t i o n o f d i s l o c a t i o n s w i t h i n p u r i t i e s , the effect o f core r e c o n s t r u c t i o n defects o r new res u l t s i n compound semiconductors) are o n l y b r i e f l y mentioned, since they w i l l be t r e a t e d i n other l e c t u r e s o f the present conference.
-EXPERIbIENTAL RESULTS AND DISCUSSION
2.1 -Djslg~at~gn-mgb~ll_ty-atthjgh-_tem~~ra_t_ure (T > 0.7 Tm) V e l o c i t i e s o f 60" d i s l o c a t i o n s have been r e c e n t l y measured a t temperatures up t o 0.9 Tm i n S i ( 4 x l 0 1 3~c m -~, 2 ?lPa 5 T 5 45 MPa) by Farber and N i k i t e n k o /11/, and i n Ge (p 2 15 R.cm, 1 MPa 5 T 5 30 MPa) by Farber, Bondarenko and N i k i t e n k o /12/, using pulse loading by f o u r p o i n t bending and double etching. I n both cases, a marked change i n t h e temperature dependence o f v e l o c i t i e s was observed abovea temperature o f about 0.75 Tm (870 K f o r Ge, 1320 K f o r S i ) . Whereas, below t h i s temperature, the r e s u l t s are i n good agreement w i t h l i t t e r a t u r e ( F i g . l ) , above 0.75 Tnl , the v e l o c i t y can s t i l l be described by an Arrhenius law, b u t both the apparent a c t i v a t i o n energy Q a n t the p r e f a c t o r are changed. I n Si, Q i s increased up t o 4 eV, b u t t h i s i s compensated by a very h i g h p r e f a c t o r (1012 t o 1014 cm s -l ) so t h a t t h e r e s u l t i n g veloc i t i e s are l a r g e r than what can be obtained by e x t r a p o l a t i o n from lower temperatures. I n Ge, the s i t u a t i o n i s q u i t e d i f f e r e n t . The apparent a c t i v a t i o n enrgy, which depends on the s t r e s s a t Tow stresses (< 10 tWa) below 0.75 Tm becomes s t r e s s independent above t h i s temperature w i t h a value of about 1.8 eV. The s t r e s s dependence, which e x h i b i t s a hend a t % 10 Pl Pa a t lower temperatures (T < 0.75 T , ) can be described w i t h a Constant Stress exponent (m % 1.3) in the whole investigated stress range ( 1 to 20 MPa) a t 970 K. This leads, contrary to S i , t o velocities lower than the values extrapolated from lower temperatures. According to the authors, these effects are not explained by the present double kink theories. Apart from the f a c t that further confirmations of these results (incl uding neasurements of screw dislocation velocities) would be desirable, i t seems that observations of the actual dislocation structure under stress i n t h i s temperature range could give decisive informations on the mechanism which control s dislocation motion. There are indeed some indications that dislocations under motion do not l i e any more along <110> directions above 0.7 Tm /13/ and processes, like climb, might probably be taken into account. 
x i s c ( u n i t v e c t o r s ) a n d from the normal component Fn o f t h e f o r c e a c t i n g on the d i s l o c a t i o n , normalized by ba (a=nominal compression s t r e s s ) . The values o f m deduced from t h i s formula agree f a i r l y w e l l w i t h those measured a t higher temperatures and lower stresses. Iloreover, as pointed o u t by Alexander /18/, i t i s a l s o possible, using the f i t t e d values f o r vo, m0 and ml, t o p r e d i c t t h a t the d i f f e r e n c e s between the v e l o c i t i e s of t h e 30/90 and t h e 90/30 d i s l o c a t i o n s must be smaller i n tension than i n compression, which i s i n agreement w i t h observations. On the other hand, WeiB /16/ n o t i c e d t h a t the d i s s o c i a t i o n widths o f s i m i l a r d i s l o c a t i o n s i n d i
f f e r e n t g l i d e systems ( i n the same conditions o f s t r e s s and temper a t u r e ) could n o t be explained by m o b i l i t y r a t i o s which would depend only on t h e t ype o f the p a r t i a l dislocations.Assuming a d i f f e r e n t l a t t i c e resistance f o r the two p a r t i a l s and w r i t i n g the balance o f forces a c t i n g on them, one obtains a dissociat i o n width :
where do i s the d i s s o c i a t i o n w i d t h a t zero stress, y the stacking f a u l t energy, f = F~-F I / F~+ F~, 6 = R2-R1/R2+R1, F i and Ri being r e s p e c t i v e l y the e x t e r n a l l y a p p l i e d f o r c e and the t o t a l force (equal t o the l a t t i c e resistance i n the steady s t a t e ) f e l t by the p a r t i a l d i s l o c a t i o n i . This analysis gave i n t e r e s t i n g i n d i c a t i o n s on p a r t i a l " m o b i l~t i e s " , defined through a l i n e a r r e l a t i o n s h i p between stress and v e l o c i t y .
This approach was improved by H e i s t e r /18/, who assumed t h a t the experimental power law v = V~( T / T~)~ followed by the t o t a l d i s l o c a t i o n was a l s o v a l i d f o r p a r t i a l d i slocations, The t o t a l force on the t o t a l d i s l o c a t i o n can then be w r i t t e n :
which leads necessarily t o m = ml = m2 f o r consistency. Using the experimental values of m, and f i t t i n g two parameters f o r each t o t a l d i s l o c a t i o n , most o f the s p l i t t i n g widths f o r f i v e g l i d e systems could be found w i t h i n 10 % from the experimental values. However, as pointed o u t by Alexander h i m s e l f , the e x~r e s s i o n v = V~( T / T~) " exp(-Q/kT) has n o t d i r e c t physical meaning. I t seems then d i f f i c u l t t o f i n d a physic a l support f o r the statement m=ml=m2, a l l the more i s a p a r t of m probably accounts f o r reduction by the a p p l i e d shear s t r e s s o f the energy t o be thermally a c t i v e d (which i s u s u a l l y described by a l i n e a r p r e f a c t o r m=l, although t h i s i s o n l y v a l i d a t low stresses a b 3 < < k~) , the second p a r t being r e l a t e
d t o a m o d i f i c a t i o n o f the pref a c t o r ( v i a changes i n d e t a i l s of the core s t r u c t u r e ) by t h e non-shear components of the stress tensor. The s a t i s f a c t o r y agreement between the model and the experiment i s perhaps an i n d i c a t i o n t h a t b o t h p a r t i a l s m i g h t be concerned i n a s i m i l a r way by t h e two e f f e c t s . It must be n o t i c e d however t h a t t h e p r e s e n t d e s c r i p t i o n i s based on t h e steady s t a t e assumption, a l t h o u g h some s c a t t e r can be observed i n measurements o f d i s s o c i a t i o n widths.

-Influence-of-imeurI_t~e~-Ia!!d-eoin_t-!~fes~~~
The i n t e r a c t i o n s between d i s l o c a t i o n s and npecidic impuhitien i n t e n t i o n a l l y i n t 
t i o n s o f t h e c o o l i n g r a t e o f c r y s t a l s ) i n f l u e n c e d ma-inly t h e s t a r t i n g s t r e s s r s t , i .e t h e minimum s t r e s s r e q u i r e d t o p u t d i s l o c a t i o n s i n n o t i o n , b u t d i d n o t a f f e c t d i s l o c a t i o n v e l o c i t i e s a t T > T S~. Another example i s g i v e n by Alexander e t a l , /16/, who observed e t c h mounds i n s t e a d o f e t c h p i t s a t d i s l o c a t i o n s produced a t 923 K i n s w i r l -f r e e FZ S i . These mounds appeared o n l y a t some d i s l o c a t i o n s and seemed t o be i n l i m i t e d number, so t h a t t h e i r p r o p o r t i o n decreased when t h e d i s l o c a t i o n d e n s i t y was increased. They were a t t r i b u t e d t o atoms o f unknown n a t u r e d i f f u s i n g f r o m t h e b u l k t o t h e d i s l o c a t i o n , t b e n enhancing t h e i r r e s i s t a n c e t o e t c h i n g , although fewer mounds were observed i n convent i o n a l FZ S i , and even f e w e r i n CZ S i . They were n o t observed a t 633 K, b u t a neasur a b l e s l o w i n g down o f 60° d i s l o c a t i o n s d u r i n g m o t i o n was d e t e c t e d (screws were n o t i n v e s t i g a t e d i n t h i s r e s p e c t ) . Fig.3 shows t h e v e l o c i t y o f d i s l o c a t i o n s as a f u n c t i o n o f t h e d i s t a n c e t h e y have moved. The decrease i n v e l o c i t y i s observed as f a r as t h e m o t i o n can be f o l l o w e d , and i s s t r o n g e r f o r 90/30 than f o r 30/90 d i s l o c a t i o n s . However, t h i s e f f e c t i s s m a l l enough f o r t h e .above nenbioned r e s u l t s (averaged o v e r t h e f i r s t 100 pm) t o h o l d ( d e v i a t i o n s t o Schmid's l a w f o r i n s t a n c e ) . I t c o u l d be n o t i c e d here t h a t some of these e f f e c t s a t t r i b u t e d t o i n p u r i t i e s m i g h t perhaps be e x p l a i n e d as w e l l by c o n s i d e r i n g i n t r i n s i c p o i n t d e f e c t s produced by t h e d e f o r m a t i o n /22/ o r those c o r e d e f e c t s p r e d i c t e d by Jones /23/ as a r e s u l t o f r e c o n s t r u c t i o n of atomic bonds i n t h e core o f p a r t i a l d i s l o c a t i o n s .
--S~gi~-scai~-ob~t.y\c_gt~o_n_ o f dis_1o_c_aiion,-giigg The r e s o l u t i o n of double e t c h i n g techniques o r X-ray topography i s about 2.5 I-im, I t was thus q u i t e a p p e a l i n g t o a t t e m p t o b s e r v a t i o n s o f d i s l o c a t i o n g l i d e a t t h e much f i n e r s c a l e o b t a i n e d b y TEM. I n s i t u o b s e r v a t i o n s have been performed m a i n l y i n . S i , u s i n g e i t h e r a h i g h temperature s t r a i n i n g stage /24,25/ o r s i m p l y by annealing d i sl o c a t i o n c o n f i g u r a t i o n s o u t of e q u i l i b r i u m (e.g. s i n g l e p a r t i a l rnotion under t h e s t a c k i n g f a u l t t e n s i o n i n w i d e l y d i s s o c i a t e d d i s l o c a t i o n s /26,27/).
I n these e x p e r iments, a l t h o u g h an accurate c o n t r o l of temperature i s d i f f i c u l t , a confidence range of % 10 K can be achieved a f t e r c a l i b r a t i o n o f t h e h e a t i n g stage by means of a Suit a b l e phase t r a n s i t i o n . The l o c a l s t r e s s can be measured u s i n g t h e curvature dis-locations a t the bend between two adjacent <110> segments ( l i n e tension anisotropy should be taken i n t o account, and special care i s Louchet observed t h a t d i s l o c a t i o n s s h o r t e r than a c r i t i c a l l e n g t h X had a v e l o c i t y which increased w i t h t h e i r l e n g t h L, although t h e exact v ( L ) dependence was n o t est a b l i s h e d (Fig.4) . X seems t o depend s l i g h t l y on s t r e s s and temperature (X = 0. (e) (T=813K,s=550~1Pa,0.40sec from one p i c t u r e t o the next). A f t e r Louchet /25/.
needed a t very l i g h stresses, where the order o f magnitude o f the radius o f curvature becomes c l o s e r t o the d i s s o c i a t i o n w i d t h (H. Gottschalk, p r i v a t e communication). S t r a i g h t d i s l o c a t i o n segments
I n t e r s e c t i o n s o f mobile d i s l o c a t i o n s w i t h the f o r e s t have a l s o been observed (/25/ and Louchet, unpublished r e s u l t s ) . The s i n g l e jogs thus formed a r e associated t o l a r g e v i s i b l e cusps, which can e i t h e r s t r a i g h t e n and r e a d i l y catch up the s t r a i g h t p a r t o f the d i s l o c a t i o n , o r p e r s i s t and follow the d i s l o c a t i o n motion.
I n most cases, jogs move conservatively ( i .e. they are dragged along s t r a i g h t l i n e s p a r a l l e l t o t h e Burgers vector), b u t non conservative motion i s also observed between 77G K and 870K.
Pinning by strong b u t i n v i s i b l e obstacles and subsequent unpinning were a l s o observed on 90' p a r t i a l s , b u t n o t on 30" p a r t i a l s /27/. These l a t t e r r e s u l t s are i n agreement w i t h those o f Gottschalk /26/ and o f Desseaux and Bourret /28/. I t i s c l e a r however t h a t weak obstacles g i v i n g r i s e t o cusps smaller than the image width ( 50A) are n o t detected by these techniques.
The t r a n s i t i o t t mentioned above, between a length dependent regime (L<X) and a length independent one ( L > X) can be a t t r i b u t e d t o obstacles t o k i n k motion, r e s u lt i n g i n a mean f r e e path o f kinks X/2, This can be obtained e i t h e r by l o c a l i z e d obst a c l e s ( w i t h an average separation X along the d i l o c a t i o n l i n e ) o r by a h i g h migrat i o n energy Wm f o r kinks (secondary P e i e r l s p o t e n t i a l ) . I n t h i s l a t t e r case, themean f r e e path i s A d i f f e r e n t t h e o r e t i c a l approach t o d i s l o c a t i o n mobi 1 i t i e s has been given recent l y by Heggie and Jones /23/, i n which "antiphase" r e c o n s t r u c t i o n defects o f the d i s l o c a t i o n core ( s o l i t o n s ) are assumed t o help both k i n k n u c l e a t i o n and migration, since i t seens e a s i e r t o t r a n s f e r an e x i s t i n g dangling bond than t o break a bond. The consequences o f t h i s approach are given by Jones i n t h i s conference. However, the form of H i r t h and Lothe's equations i s unchanged, and so are the conclusions, except t h a t Wm and Fk have somewhat d i f f e r e n t meaning.
-~n~an_ce~en__t-of-~f ;1oga_tjgn_-~gbI~~tyYby-op;j_ca~-e_xcjt_a_tjgn The e f f e c t o f i l l u m i n a t i o n on d i s l o c a t i o n v e l o c i t i e s ( p h o t o p l a s t i c e f f e c t ) has been
demonstrated r e c e n t l y i n S i by K i s t e r s and Alexander /29/, using s i m i l a r techniques as i n /16/. S t r a i g h t d i s l o c a t i o n h a l f -l o o s were created by p r e s t r a i n i n g (T=923K, 0=631Pa) i n s w i r l -f r e e FZ S i (2x1012 ~cm-5, c a r r i e r l i f e t i m e a t 300 K:5ms), and moved a t h i g h stresses and a t temperatures low enough t o o b t a i n a noticeable change i n the e l e c t r i c a l c a r r i e r d e n s i t y by i l l u m i n a t i o n , During deformation, one p a r t o f the c r y s t a l was i l l u m i n a t e d by a Nd-YAG l a s e r (hv=1.17 eV, P=l d~.cm-~). The observed d i sl o c a t i o n s were s i t u a t e d i n t h e range o f 50 pm below t h e surface, i n which most o f the i n c i d e n t l i g h t was absorbed, Screws and 30J90 d i s l o c a t i o n s were observed t o move f a s t e r under i l l u m i n a t i o n , whereas the v e l o c i t y o f 90/30 d i s l o c a t i o n s was n o t a f f e ct e d s i g n i f i c a n t l y . As shown i n Fig.5 , the apparent a c t i v a t i o n energy f o r the motion o f 30/90 d i s l o c a t i o n s a t r=300 MPa i s 1.62 eV i n the dark, and i s reduced by an amount o f 0.68eV under i l l u m i n a t i o n . The Arrhenius p l o t shows t h a t the p r e f a c t o r i s a l s o reduced and t h a t the e f f e c t vanished a t *710 K. I n the case o f screw d i s l o c a t i o n s , the decrease of the a c t i v a t i o n enrgy i s about 0.56 eV. A c a r e f u l c o n t r o l o f temperatures i n the i l l u m i n a t e d area showed t h a t they were n o t increased by more than %2 K, and t h i s cannot account f o r the magnitude o f the observed e f f e c t ( i n addition, an increase o f temperature would have a l s o increased the v e l o c i t y o f 90/30 d i s l o c a t i o n s !). I n order t o compare t h i s s i t u a t i o n w i t h the doping e f f e c t , a n-doped specimen ( 5 . 5~1 0~~ ~c m -3 ) was deformed i n the same conditions w i t h o u t ill umination. It emerged t h a t the v e l o c i t i e s o f both types of 60" d i s l o c a t i o n s were increased, i n c l e a r c o n t r a s t w i t h the p h o t o p l a s t i c e f f e c t . A behaviour s i m i l a r t o the p h o t o p l a s t i c e f f e c t has a l s o been found by telaeda and coworkers /30/ i n GaAs under e l e c t r o n i r r a d i a t i o n .
The p h o t o p l a s t i c e f f e c t was a t t r i b u t e d t o non r a d i a t i v e electron-hole recmbinat i o n s a t d i s l o c a t i o n s , which are known t o a c t as very a c t i v e recombination centers a t these temperatures. The v i b r a t i o n a l energy released by recombination can help e i t h e r double k i n k n u c l e a t i o n o r k i n k m i g r a t i o n processes, since associated energies .are expected t o be l a r g e r than the observed energy reduction. However, i f the recombination can occur a t l o c a l i z e d defects as kinks /31/ i t might be more d i f f i c u l t on a nucleat i n g double kink. This argument i s i n favour o f an enhancement o f the k i n k v e l o c i t y , except S f double k i n k n u c l e a t i o n occurs a t l o c a l i z e d defects such as s o l i t o n s , as suggested by Heggie and Jones. A c a r e f u l i n v e s t i g a t i o n o f any change i n t h e mean free path X of kinks under i l l u m i n a t i o n should be q u i t e i n s t r u c t i v e i n t h i s respect.
-CONCLUSIONS AND SUGGESTIONS FOR FURTHER PROGRESS
From the s e t of results reported above, i t seems obvious that the conclusiveness of an experiment in often submitted to a careful control of a l o t of parameters, some of which had sometimes been forgotten in the past. I t i s also clear that several effects of interest can be detected only i f velocities are measured with an accuracy better than Q15 %, Hence, a f i r s t requirement i s a good control of temperature and stress which have a drastic influence on velocities. For instance in S i , an oncertainty Av/v%20 % in velocities can arise from a AT %4K or A T / T %~O % (and better control of stress cannot be easily achieved ! ) . In addition, and this i s mainly true a t high stresses, results from different authors cannot be successfully compared, unless the glide systems and a l l the components of the stress tensor are known. Nevertheless, experiments in which T or T cannot be accurately determined can give valuable results (e.g. relative values of mobilities of different types of dislocations), provided t h a t fluctuations do not occured a t the scale of observations.
A second point which has not been mentioned before and has to be controlled i s the influence of the free surface, f o r a t l e a s t two reasons. ( i ) Image forces may enhance or retard kink nucleation a t the surface (geometrical e f f e c t ) . ( i i ) The surface may a c t as a sink (or a source) of impurities or point defects. This l a t t e r eff e c t could help in achieving more quickly a steady s t a t e regime through pipe diffusion towards the surface of impurities scavenged by dislocations. In contrast, internal loops would accumulate more and more impurities. This might explain the different behaviour of internal loops and half-loops observed by Pli levskii and Slnolskii /33/, though George /3,34/ did not notice such an effect a t the same stresses and temperatures (but probably in a silicon crystal of different purity).
As regards geometrical surface effects, i t i s possible to get rid of them, even i f a surface technique such as etching i s used for measurenents. This was convincingly proved by Kisielowski /16/ and KUsters /29/ who were able ( i ) to determine the orientation of the emerging dislocations from the shape of the p i t s , and ( i i ) t o detectbends of dislocations below the surface, to measure t h e i r depths and t o obtain bulk velocities by successive l i g h t polishing and re-etching of the surface. On the other hand, we believe that the asymmetry of dislocation mobility in Si and Ge reported by Nikitenko e t a l . /35/ i s essentially a geometrical surface e f f e c t , as demonstrated by the shape of the p i t s , although i t i s also clear the different "states" of impurities in the dislocation core are certainly involved i n t h e i r experiment. surface from 1)to 2 ) ) , while the screw segment moved. creatina free 60' sesments. This lead t o nearly complete unpinning from 3) t o 4 ) .X-ray topography (George, unpublished).
